Abstract. The research concentrates on the modernisation issues of inefficient diesel-electric shunting locomotives, produced in the former Soviet Union. The existing diesel-generator unit, serving as an onboard power plant can be replaced by hybridised units, with an energy storage unit acting as a peaking power source for dynamic modes. By integrating an energy storage unit into the power plant, the locomotive traction drive becomes hybridised, consuming less fuel during transients and idling.
I. INTRODUCTION
Diesel-electric transmission system in general means a transmission system, where the mechanical energy produced by the diesel engine prime mover is converted into electricity by means of a generator and transferred to an electric traction drive. The most frequent applications are diesel locomotives, marine vessels and mine trucks. In a strict meaning, a dieselelectric drive is an electric drive possessing its own power plant in the form of a diesel generator unit (DGU). The generated electricity is used for supplying the gearless traction drive and various auxiliaries, like lighting, battery charger, air compressor etc. The ample use of diesel-electric propulsion is based on the fact, that all internal combustion engines show optimal efficiency only in a very narrow speed range and cannot be started under load either. Therefore, in more powerful applications like locomotives, either diesel-hydraulic or diesel-electric transmission is preferred.
A major advantage of diesel-electric drives compared with diesel-hydraulic ones is a relatively simple and more reliable construction. The transmission can be controlled electrically, which means more soft acceleration and deceleration curves, essential for passenger traffic. Diesel-electric locomotives need no catenary, which makes them more popular and widespread than those fed directly from the overhead line. As a disadvantage, they must carry all energy conversion parts and resources like DGU and fuel tank on board.
A conventional diesel-electric propulsion system layout, used in the 1520 mm gauge railways is depicted in Fig. 1 . The driver controls the power flow from the DGU to the wheels by selecting the position of the throttle handle. By throttling, the engine speed changes, the excitation current being controlled so, that the DGU output power is kept constant at all throttle Whereas the diesel-electric powertrains still used on the 1520 mm gauge railways predominantly utilise the architecture with DC generators and DC series excited traction motors, the modern systems are based on the AC generators and AC variable frequency traction drives with common DC link, which are more efficient and reliable in operation.
II. LOCOMOTIVE CLASSIFICATION
There are two main types of locomotives, distinguished by their main working modes and load cycles: 1) mainline locomotives; 2) shunting locomotives.
The mainline locomotives operate on longer railway lines and show a familiar load and velocity diagram with acceleration, cruising, coasting and braking stages.
The shunting locomotives operate predominantly in the railyards, composing the echelons to be later displaced by the mainline locomotives. They are exposed to harsher loads with frequent peaks, i.e. accelerations and decelerations; the average power is several times smaller than the rated one. The main shunting locomotive types, used in the 1520 mm gauge railways and based on the DC architecture shown in Fig. 1 are listed in Table 1 . The varying load of shunting locomotives complicates the design of DGUs. Firstly, they must be able to deliver the full power during pulling the wagons; secondly, they must remain efficient during idling, when the power is delivered solely to the auxiliaries [1] . Namely the last issue has raised many questions, while the pressure related to the fuel prices and environmental requirements is constantly rising. Thus, the main research must be focused on how to make a locomotive power plant effective both for pulling and idling modes, with minimal fuel consumption and environmental stress. The research conducted so far is described in the next sections.
III. LOAD CHARACTERISTICS OF A SHUNTING LOCOMOTIVE
As stated in the previous section, the power unit of a shunting locomotive is exposed to greatly varying loads. In Fig. 2 , a sample of TEM18 locomotive DGU output power during shunting operations in an oil shale railyard is presented. The DGU rarely reaches its rated power 840 kW, operating mostly at underload or even idling. The same locomotive is used as an example in further calculations. The data samples were recorded by a Graphtec GL200 data logger with 0.5 s intervals. A more descriptive distribution of DGU load can be given by a histogram (Fig. 3) . It becomes clear, that for approximately 80 % of the cases, the load is 30 % or less of the rated output. Thus the DGU is not fully utilised, making its operation inefficient.
The efficiency of a diesel engine, expressed by fuel consumption per produced mechanical energy, depends on its load and rotational speed. The modern DGUs' specific fuel consumption in optimal region is 190 g/kW·h, which can grow to 220 g/kW·h while operating at loads below 0.3 p.u. Though the difference might seem negligible, the locomotives operating at 24/7 basis make the difference tangible. To maintain the efficiency by smaller loads, the engine must slow down. This however is not possible in a wider scale because the engine's construction limits the possible speed range. Thus other measures must be taken to improve power unit's Hybrid electric vehicles utilise power from more than one energy source, most frequently a heat engine and an energy storage unit (ESU). Two main types of hybrid powertrains are: 1) series hybrid; 2) parallel hybrid.
While modernising the diesel electric locomotives, the series hybrid topology should be preferred, where the prime mover is not directly linked to the transmission for mechanical tractive power [1] . Rather, all of the energy produced from the engine is converted to electricity by the generator which recharges the ESU in order to provide power to one or more electric motors. The vehicle is propelled solely by electric motor system. Because the heat engine is not directly connected to the wheels, it can operate at a more optimum rate and can be switched off for temporary all-electric, zeroemission operation [2] . A series hybrid powertrain layout, suitable for a locomotive, is shown in Fig. 4 . The vehicle controller must co-ordinate the load distribution between the main generator and the ESU, keeping its state-of-charge (SOC) in admissible window. If the traction drive allows regeneration, the ESU can store the braking energy for later use, thus providing even more fuel efficiency.
A. ESU parameter calculations
The ESU, integrated into the series hybrid power drive, acts as a low-pass filter suppressing peak loads, which in signal processing theory can be characterised as high-frequency noise. In discrete form, a first-order low-pass filter can be expressed by the recurrence function [3] 
where P L is the filter input or non-stabilised load value, τ the filtering time constant representing ESU capacity/power ratio, P DGU is the filter output power corresponding to the instantaneous sum of load and storage powers, i.e. the resulting supply power from the DGU and ∆t → 0 is the finite time step, i.e. the sampling interval of the load power. The first right member of the (1) represents the so-called inertia from the previous filter output (DGU power) and the second member is the contribution of the instantaneous input value (load power). The longer the time constant, the less is the DGU power influenced by the load fluctuations. Obviously, with no storage, P DGU = P L . An example, explaining the effect of an ESU on the DGU output power diagram, is shown in By subtracting the DGU power P DGU from load the power P L , the ESU output power at time step k is obtained
For calculations, all the samples must be read into a multidimensional array with k rows for further processing. The energy drawn from the storage at time step k is described in a discrete form by
After that, the energy amount for levelling the fluctuations can be found from [3] 
where n is the total number of data samples. The necessary storage power [3] 
With an ESU, the DGU maximum output power diminishes remarkably, as shown in Table 2 . Accordingly, the primary power source can be selected smaller, more energy efficient and environmental friendly. The results obtained at different time constant values can be interpolated and the dependency between the DGU and ESU scalings constructed, as depicted in Fig. 6 . 
B. Technology selection
However, the DGU downscaling has its limits, caused by the dimensions and costs of the ESU. The general criteria while selecting an energy storage unit are as follows [5] : 1. The effective capacity and power must respond to the given task. Fig. 6 ). The storage medium masses for the most common technologies are shown in Table 3 . The mass and volume of the lead-acid battery storage medium is determined rather by their gravimetric power rather than the energy, opposite may be stated of DLC and FW. From the listed storage mediums, double-layer capacitors, also referred to as super-or ultracapacitors are of state-of-the-art [1] [4] . For the next, DLC-based ESU integration possibilities into a locomotive powertrain are explained.
C. DLC and powertrain interconnections
Two DLC integration possibilities into the diesel-electric powertrain exist [6] : 1) series cascaded structure; 2) parallel structure.
The main difference between those two interconnections is the application of interface power converters.
In the series architecture (Fig. 7) , the DLC battery terminal voltage is also the input voltage for the traction drive. The converter enables a precise control of the DGU output, making it independent on the load imposed on the traction drive. To crank the engine while operating the generator as a starter motor, the DGU converter can be designed bidirectional. If the traction drive has regenerative braking capabilities, the DLC battery, acting as a passive filter can also absorb braking energy. The converter must commutate only DGU power, which is less in amplitude and fluctuations than the load. The major disadvantage of the series cascaded architecture is the varying voltage on the traction drive input terminals. To some extent, this problem may be solved with parallel-series switchover of DLC groups inside the battery [7] .
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Traction drive DLC Fig. 7 . Series cascaded powertrain architecture
In parallel structure (Fig. 8) , the DLC battery is connected to the powertrain via an interface converter, which together comprise the ESU assembly. Like in the series cascaded solution, the DLC battery can be charged either from the DGU or from the traction drive in the regenerative braking mode. Here the ESU acts as a fast active filter, compensating load fluctuations by injecting or absorbing controlled energy to or from the powertrain. By applying buck-boost converters as the DLC power interface, the traction drive input voltage can be kept nearly constant. The DGU converter matches the DGU output with the common DC link voltage and limits the inrush current of capacitive circuits; it can as well be used for cranking the engine. A disadvantage of the parallel architecture is the existence of an additional converter, which must be powerful enough to inject dynamic power into the locomotive powertrain. Parallel architecture prevails in implementations thanks to the better and more controlled use of the energy stored in the DLC battery. Namely, the effective energy exchange is considered to be between (0.5 ... 1.0)·U DLC , where U DLC is the rated voltage of a DLC battery. Thanks to the buck-boost interface converter, the DC link voltage is independent on the DLC terminal voltage, which is determined by its SOC.
D. DGU modernisation
The existing powertrain of the locomotives described in Table 1 is fully DC-based with rotary amplifiers. Apart from being morally outdated, such a solution is characterised by poor efficiency and high maintenance costs due to the extensive mechanical wear of rotating parts and the brushes. A state-of-the-art approach necessitates the application of brushless synchronous generators (alternators), with the AC output to be matched to the DC link voltage by the means of rectifiers, either controlled or uncontrolled [8] .
To select an appropriate generation set, some requirements must be defined beforehand: 1. The common DC link voltage between the DGU converter, ESU terminals and traction drive input must be kept nearly constant. 2. To endow the locomotive the additional functionality of an emergency mobile power plant, the DGU must be able to provide constant 50 Hz output frequency for standard three-phase 400 V / 230 V applications. The last requirement states the engine-alternator set must operate at constant speed with the constant output voltage. Thus conventional sets might be applied, which show acceptable specific fuel consumption between 50 % ... 100 % of the rated load. In Table 4 , the data of a commercial DGU suitable for the hybrid powertrain are shown. In the existing powertrain, the DGU power is controlled directly by the driver changing the throttle and the excitation current (Fig. 1) . With the new solution, the output power is controlled indirectly. The control handle is reconnected to the traction drive, whereas the engine tries to sustain its speed and accordingly the generator output frequency and voltage by fuel injection and excitation control, which is implemented by a downstream digital throttle controller.
E. DGU converter
The DGU three-phase AC output must be matched to the DC link voltage. This is done by using AC/DC converters like: 1) diode rectifiers; 2) thyristor rectifiers; 3) PWM IGBT rectifiers.
Diode rectifiers are the cheapest and simplest options of voltage matching. Their cosφ ≈ 1, therefore they draw only active power from the DGU. The resulting DC link voltage of a six-pulse bridge rectifier
where U L-L is the line-to-line alternator output voltage. The rectified DC link voltage of the generator described in Table 4 calculated after (7) becomes 540 V, which is sufficient for supplying a locomotive traction drive. A drawback of the diode rectifiers is the uncontrolled energy flow, which complicates the pre-charging of capacitive filter circuits. The use of current limiting resistors is related to additional losses, the electromechanical shunting contacts reduce the overall reliability as well. Therefore thyristor rectifiers could be a choice, while by controlling the firing angle, soft charging of the filter circuits, and by forced commutation, fast-acting protection can be implemented.
Reversible PWM rectifiers allow the soft pre-charging of the filter circuits as well. During dynamic braking of the locomotive when the traction drive feeds the DC link, the torque drag of the idling engine can be overcome by the alternator working as a motor fed from the DC link, simultaneously shutting off fuel injection. The alternator could also function as the engine starter [8] [8] . 
which in given example means n Σ = 1600.
Rounding the results to the ceiling value means slight overdimensioning of the storage medium, which compensates the errors made during idealising the circuits.
G. Auxiliary supply upgrades
At present, the supply of the DC auxiliaries (74 V for the TEM2 and TEM18 locomotives, 110 V for the ChME3) is provided by a special rotary converter on the common shaft with the DGU. The use of a common DC link enables to replace the rotary converter with a DC/DC static one, like applied in the light rail vehicles [9] . These converters are based on the intermediate AC-link technology, which can be either one-or three-phase. Such converters are comprised of an input filter, a medium-frequency inverter, an isolating transformer and a rectifier. Additional auxiliary inverters may be used for supplying AC auxiliaries, such as compressors, presently driven mechanically by the engine main shaft.
V. PROPOSED POWER PLANT LAYOUT
To resume the previous sections, a novel power plant layout for a diesel electric hybrid shunting locomotive is proposed (Fig. 9) . The engine is now controlled indirectly so, that it is optimally utilised together with the alternator and the ESU. This layout is independent on the traction drive type, which can be either based on chopper-controlled DC motors or inverter-fed induction motors. The auxiliaries are connected to the common DC link over a designated converter. In the presented paper, modernisation of the diesel-electric locomotive power plants was discussed. The main conclusions that can be drawn as follows: 2. The existing diesel generator units are poorly utilised, mostly operating below the optimal specific fuel consumption region. 3. The diesel generator units can be downsized several times if hybridised power plants are used; the limits are set only by the cost and space constraints. The hybridisation yields in significant fuel economy. 4. The influence and parameters of an energy storage unit in the hybrid locomotive powertrain can be calculated using discrete low-pass filter analogy. 
